SUMMARY Organ culture of rabbit ileum has been established as a model for the investigation of the mechanism of intestinal damage by enteropathogenic Escherichia coli (EPEC). Loops of rabbit ileum were filled in vivo with saline, non-enteropathogenic P-fimbriate E coli (PFEC), or EPEC. After 45 minutes the loops were washed, then mucosal biopsies were taken and cultured for up to 48 hours. The earliest changes discernable by electron microscopy were observed at 18 hours postinfection, at which time EPEC were closely adherent to the surface of enterocytes at the base of microvilli, some of which were elongated. By 24 hours postinfection there were large areas of brush border effacement with pedestal formation around the EPEC. No such damage was seen in biopsies from the control loops (saline, PFEC), and intracellular ultrastructure was extremely well preserved in all preparations for up to 48 hours. While there were no differences at eight hours, biochemical analyses at 24 hours postinfection showed a marked increase in the release of brush border enzymes into the culture medium from EPEC-infected explants compared to explants from the control loops. These findings provide morphological and biochemical evidence for damage to the microvillus membrane by EPEC, and validate organ culture of rabbit ileum as a model for the investigation of EPEC-pathogenicity.
Escherichia coli can cause clinical disease in man and animals by at least three different mechanisms. ' The modes of action of enterotoxigenic and enteroinvasive E coli in the pathogenesis of diarrhoea are relatively well understood, and specific in vitro procedures have been developed for the investigation of these organisms.' More recently, a third mechanism which involves destruction of microvilli by enteropathogenic E coli (EPEC) has been described,7 but the gene products responsible and the mechanism of damage are unknown.
Enteropathogenic E coli were recognised initially as belonging to specific 0-serogroups that were associated with outbreaks of diarrhoea in man earlier this century.9The disease mechanism was unknown, however, until ultrastructural damage to the brush border was reported in rabbits infected with EPEC (015).) Bacteria were closely adherent to the enterocyte surface with pedestal formation and brush Enteropathogenic Escherichia col1 cultured explants were then embedded, sectioned, and stained with Reynold's lead citrate and 1 (w/v) uranyl acetate, and examined by use of a Philip's 301 electron microscope.
BIOCHEMICAI STUD)IES
Tissue for enzyme assay was homogenised in 1 ml sucrose medium (0.3 mmol/l sucrose, 22 mmol/l ethanol, 1 mmol/l Na,EDTA, pi 1 7.4). Brus11 border marker enzymes in both tissue and culture medium were assayed fluorimetrically as described previously. s DNA was assayed as described previously'" with calf thymus DNA (Sigma Type V, Poole, UK) as standard. Alkaline phosphatase was assayed fresh, then all samples were stored at -2(0)C before further assay. Enzyme activities represent milliunits per mg tissue DNA unless otherwise stated. Significance of differences between mean values was determined by one-way analysis of variance and the Newman-Keuls test.
Results

ULTRASTRUCTURAI STUD)IES
lleal explants from the saline loops were maintained in culture for up to 48 hours with little evidence of damage to the brush border (Fig. la) . Findings were similar following culture of ileal fragments exposed to non-enteropathogenic PFEC, despite adherence of these bacteria to the brush border (Fig. lb) .
After exposure of ileal mucosa to EPEC, bacteria could be seen attached to mucus overlying microvilli or goblet cells at eight hours of culture. The earliest ultrastructural changes discernable by electron microscopy, however, were observed at 18 hours, at which time EPEC were closely adherent to the surface of enterocytes at the base of microvilli, some of which were elongated (Fig. 1c) . After 24 hours incubation there were large areas of bruch border effacement with obvious pedestal formation around the EPEC (Fig. Id) . No intracellular bacteria were seen and, apart from the brush border changes in EPEC explants, enterocyte ultrastructure was extremely well preserved in all preparations for up to 48 hours. Figure 2 indicates that there was a gradual release of all three brush border marker enzymes into the culture mediumn fromn ileal explants during 24 hours after their removal from loops containing either saline or non-enteropathogenic PFEC. By contrast, while there were no differences at eight hours, between eight and 24 hours there was a marked (8, 7, 8) , PFimb (7, 7, 7) , EPEC (8, 7, 8 (8, 7, 8) , P Fimtib (7, 7, 7) , EPEC (8, 7, 8) .
BIOCHEMICAI STUDIES
(maltase) and atminopeptidaise N in the EPEC group increased between eight and 24 hours to mean values that were significantly higher than those in the other two groups. Figure 4 shows that in explants from saline and non-enteropathogenic PFEC loops, tissue activities of alkaline phosphatase approximately paralleled total alkaline phosphatase activities during the culture period (Fig. 3) . In these two control groups, tissue activities increased during the initial eight hours and then declined relatively slowly to activities at 24 hours which remained above those at the beginning of the culture period. In contrast, tissue alkaline phosphatase in the EPEC group dropped between eight and 24 hours to a mean alctivity below that at the beginning of the culture period. Similarly, while tissue activities of zinc-resistant c-glucosidase and aminopeptidase N in the two control groups (Fig.  4) paralleled total enzyme activities in tissue and medium (Fig. 3) this was not the case for the EPEC group. Tissue activities in the EPEC group dropped markedly between eight and 24 hours (Fig. 4) while total activities increased (Fig. 3) . These findings are reflected in the tissue to total enzyme activities shown in Fig. 2 , and are consistent with an enhanced loss of these brush border enzymes from EPEC explants into the medium.
Assay of bacterial suspensions indicated that enzyme activities of bacterial origin did not interfere with the interpretation of any of these biochemical data.
Discussion
This investigation has shown that organ culture of rabbit ileal explants can provide a suitable model for the investigation of EPEC-induced damage to the small intestine. Ultrastructural studies identified the specific brush border abnormalities which characterise this infection, while biochemical studies provided clear supportive evidence for damage to the microvillus membrane.
In order to exclude potential non-specific consequences of bacterial infection of explant tissue it was essential to include adequate controls in this model system. This was achieved by the examination of the effects of a non-enteropathogenic P-fimbriate Escherichia coli (PFEC), a bacterium which could adhere to the mucosal surface but which did not have the capability to disrupt enterocyte brush borders. The lack of ultrastructural damage to the brush border by PFEC, in addition to the similarities comparing the biochemical results in the PFEC and saline control groups, emphasised the specificity of the changes with EPEC. Incubation in ileal loops was used as an initial step in this study to ensure adhesion The experiments in this study indicate that there may be a considerable delay between infection with EPEC and the overt manifestation of brush border damage. The biochemical studies, which can provide a relatively sensitive assessment of mucosal injury, were unable to detect any abnormalities before eight hours of culture, whereas at 24 hours there was definite biochemical evidence for brush border damage. Similarly, the earliest ultrastructural changes, comprising elongation of microvilli and attachment of bacteria at their base, were documented at 18 hours and were relatively minor compared with the changes at 24 hours. There were conspicuous areas of brush border effacement at 24 hours, and the luminal surface of the damaged plasma membrane appeared to be moulded to form pedestals around individual EPEC. These changes have been described in EPEC infection of man," rabbits,4 "' and pigs,'2 and are considered to be important and characteristic features of the disease. At present, however, it is not certain whether an apparent delay in the development of mucosal damage after infection is related to time for bacterial synthesis of factor(s) responsible for pathogenicity, time for consequential tissue damage, or to bacterial concentration and hence time for organism multiplication. In addition, little is known of how EPEC penetrate the mucin layer, or why EPEC appear to adhere to the base of microvilli rather than their tips. Nevertheless, it does appear that this close approximation between bacteria and the enterocyte surface at the base of microvilli is necessary to induce the specific ultrastructural changes characteristic of EPEC infection.
The most sensitive biochemical indication of mucosal damage was provided by the assessment of the proportions of brush border enzyme activities in the tissue and culture medium throughout the culture period. In the saline and PFEC control groups, the gradual decline in the proportion of tissue to total activities of all three enzymes examined was consistent with the normal release of brush border enzymes from the explants into the medium during culture. '7 In marked contrast, EPEC infection was associated with a considerable fall in this ratio which was indicative of enhanced release of these enzymes from the mucosa between eight and 24 hours of culture.
Throughout a 24 hour culture period there were no differences in total alkaline phosphatase activity in the tissue and culture medium comparing the EPEC and control groups. Consequently, while increased synthesis could have been masked by increased degradation, at present there is no indication of an alteration in the rate of synthesis of alkaline phosphatase by enterocytes during infection with EPEC. This contrasts with data for zinc-resistant a-glucosidase and aminopeptidase N, which at 24 hours showed significantly higher total activities of these enzymes in the EPEC compared with the other two groups. This could be indicative of an enhanced rate of synthesis of these proteins which might occur in response to increased loss of these enzymes from the microvillus membrane. Enhanced synthesis could explain the relatively modest decreases in tissue activities of zinc resistant a-glucosidase and aminopeptidase N observed at 24 hours, despite increased loss of these brush border enzymes from EPEC explants into the medium. The subcellular localisation of these enzyme activities in tissue after culture has not been determined; however, the morphological damage to the brush border at 24 hours suggests that the proportion of tissue enzyme activity that is in transit to the microvillus membrane may be relatively higher in the EPEC than in the control groups. These biochemical findings emphasise that the changes in the EPEC explants may be relatively early compared with those seen in clinical disease where tissue activities of brush border enzymes can be severely reduced. ' This investigation has provided morphological and biochemical evidence for damage to the microvillus membrane by EPEC, and suggests that culture of rabbit ileal explants should prove a valuable tool for the investigation of the molecular biology of EPECpathogenicity.
